Supplementary Information Experimental Methods
The sample used in our experiments is a type IIa high purity natural diamond, with a substitutional nitrogen concentration 0.1 ppm. This low nitrogen content ensures that the electron spin coherence is not limited by interactions with the electron spin of the nitrogen donor. As a consequence, the environment we observe is substantially different from the environment one would observe in a diamond crystal with a higher nitrogen content [3] .
To deliver microwaves to the sample, a 20 µm diameter copper wire is stretched across the surface, and soldered on either end to a planar stripline. A microwave amplifier with ∼ 0.5 W output power amplifies the signal from a microwave synthesizer with a measured linewidth < 1 kHz. The NV centers in this study were located approximately 10 − 20µm from the wire, and within 10µm of the surface of the diamond, allowing us to obtain large Rabi frequencies of up to 15 MHz.
The sample is mounted at the focus of a home-built scanning confocal microscope. The focus of our 1.3 NA oil immersion objective is controlled with a piezoelectric mount; a galvanometer determines the lateral position of the laser beam. Excitation is performed using a doubled YAG (532 nm), and the fluorescence from the NV center into the phonon sideband (650 -800 nm) is separated from the excitation laser with dichroic and notch filters. For our measurements, the green laser power is adjusted to be approximately half the power required to saturate the transition. The filtered optical emission is coupled into a fiber beam-splitter, and input to fiber-coupled single photon counting avalanche photodiode modules.
Sending the emission to a beamsplitter allows us to perform photon auto-correlation measurements by measuring the relative arrival times of photons in the two branches. The second-order correlation function, g (2) (τ ) is measured by histogramming the difference in arrival times between the two branches, and normalizing by the overall count rates. These measurements were performed using a time-correlated single photon counting board. The data was not corrected for background luminescence counts.
A static magnetic field is applied to our sample using a permanent magnet mounted on a triple-axis stage approximately 1 to 3 centimeters from the sample. The magnetic field is measured using a three-axis hall sensor positioned < 1 mm from the sample. When the magnetic field was aligned with the NV axis, a more accurate value of the magnetic field was obtained by measuring the Zeeman splitting of the NV center itself. Error in the magnetic field measurement arises primarily from spatial variation in the magnetic field between the sensor and the sample.
All of our measurements were performed using the general scheme illustrated in Fig.  1C . Initial spin polarization is achieved by ∼ 1 − 5 µs green excitation, followed by 5 µs wait time to allow deshelving of the metastable state. The resulting spin state is m s = 0 with > 90% probability [7] . A microwave pulse sequence is then applied, during which there is no green light. To read out the electron spin, the 532nm excitation is again applied, and photon counts are measured initially (signal counts) and again after repolarization (reference counts). The change in fluorescence is calculated as (signalreference)/<reference>, where brackets <> indicate the mean value over the course of the experiment. This sequence is repeated several thousand times for each point, and the average value is taken.
Both the spin-dependent fluorescence and the optical spin polarization arise from an intersystem crossing between the optically active triplet states of the NV spin and a metastable, dark, singlet state. According to current models [2, 4] , the m s = 0 spin states have a much weaker intersystem crossing than the m s = 1 states. Consequently, when the NV center is illuminated with 532nm excitation, the m s = 0 spin state undergoes a greater number of optical cycles before crossing into the dark singlet state. This leads to a larger initial fluorescence signal from the m s = 0 state. The metastable state decays nonradiatively in a few hundred nanoseconds, and it decays primarily into the m s = 0 state [4] . Under continuous optical excitation, the NV center thus polarizes into the m s = 0 spin state on the timescale of about a microsecond.
It is worth noting that we measure the population in m s = 0, not the coherence between m s = 0 and m s = 1 (as is typically done in bulk NMR or ESR measurements). Consequently, the pulse sequences we use may appear different from those used in bulk NMR. In particular, for both electron spin free precession (Ramsey) and spin-echo measurements, we must convert the electron spin coherence into population with a π/2 pulse prior to measurement. The signal we measure is therefore time-resolved, with the delay determined by the time at which we apply the last π/2 pulse.
The role of the host 14 N nuclear spin The I=1 nuclear spin associated with the host nitrogen couples to the NV electronic spin with a hyperfine interaction constant of about 2.2 MHz [2] . However, it also has a large quadrupolar splitting P ∼ 5.1 MHz [2] , which suppresses transitions between the 14 N nuclear spin levels. For magnetic fields B P/(g n β n ) ∼ 1.64 T, the orientation of the 14 N nuclear spin is fixed by the quadrupole axis, and it does not precess. Consequently, for our measurements the host 14 N nucleus can be treated a static spin which can only introduce a level shift on the NV spin microwave transition. Since static level shifts are cancelled by a spin-echo sequence for τ = τ , our spin-echo measurements are unaffected by the presence of the 14 N nuclear spin. Calculation of the coupled dynamics of an electron-nuclear spin system In this section of the supplementary information, we provide a detailed description of the interaction between a single NV electron spin, and a single 13 C nuclear spin in the bath. Because the S = 1 electron spin has a large zero-field splitting, it does not precess significantly in moderate magnetic fields. The dynamics of the coupled system can therefore be most easily understood by examining the evolution of the I = 1/2 13 C spin conditional on the state m s of the electron spin. This nuclear spin evolution is governed by two effects of the hyperfine interaction: First, the secular terms in the hyperfine interaction cause an m s -dependent energy splitting of the 13 C nuclear spin states, which can be interpreted as the dipole field produced by the electron spin. Second, the nonsecular terms in the hyperfine interaction alter the g-tensor for a nearby nuclear spin, so that the effect of an external magnetic field is magnified by the electron spin [5] . Starting from the hyperfine interaction, we will derive the electron spin dipole field and the effective g-tensor for the nuclear spin. In addition to providing a qualitative understanding of our data, the resulting expressions allow us to extract the components of the hyperfine interaction between NV D and E and their nearest 13 C spins. Physically, the hyperfine interaction between the NV electron spin S and the j th nuclear spin I (j) arises from the dipolar and contact terms presented in Eq.
(1) of the main text. Mathematically, it is convenient to write this interaction in terms of a symmetric tensor α
If the electron spin has a wavefunction ψ(r), and the nuclear spin is located at a position r j , then the components of this tensor are given by
where n j is a unit vector along the r − r j axis, and δ µν is the Kronecker delta. The overall strength of the interaction can be quantified by a root mean square average of the diagonal components,
For spins sufficiently far away from the NV center (such that 1/|r − r j | 3 ≈ 1/ |r − r j | 3 and |ψ(r j )| 2 ≈ 0), the full hyperfine interaction reduces to an effective point-dipole coupling, which has only three independent parameters. In particular, in the point-dipole model α (j) µν can be written in terms of the strength A j and a unit vector along polar angle θ and azimuthal angle φ which characterizes the angular orientation of the two spins.
For closer spins, the finite extent of the electron wavefunction can significantly enhance the interaction strength. The enhancement comes from both a finite contact term |ψ(r j )| 2 > 0 and the averaged dipolar term 1/|r − r j | 3 1/ |r − r j | 3 . Furthermore, the angular averages do not necessarily factorize, i.e. n j µ n j ν = n j µ n j ν , so we must keep track of four angular terms instead of two. In total, six parameters (which correspond to the six independent components of a symmetric tensor α (j) ) are necessary to describe the interaction with a proximal nuclear spin.
To calculate the electron spin dipole field and the effective nuclear spin g-tensor, we must consider the full Hamiltonian describing the electron spin S coupled to the j th nuclear spin I j . We write this Hamiltonian in a coordinate system which takesẑ along the NV axis, which lies along the [111] crystal axis, whilex andŷ are fixed arbitrarily by takinĝ x to lie in a horizontal plane with respect to laboratory coordinates. We thus obtain
where the secular (||) and non-secular (⊥) terms are given by:
where ∆ ≈ 2.87 GHz is the NV spin zero-field splitting, and we note that µ e < 0, µ n > 0. The expression for the g-tensor and the hyperfine field can in principle be derived directly from this Hamiltonian, but a considerably simpler form may be obtained by finding an appropriate approximation. When ∆ is the largest energy scale in the problem, as it is for all experimental conditions considered in this Report, the subspaces |m s with fixed electron spin projection alongẑ are separated by energy gaps of order ∆. This allows us to write an effective Hamiltonian in a 1/∆ series. The zeroth order term is the secular Hamiltonian, containing only those terms commuting with ∆S 2 z :
The next order correction arises from virtual transitions between m s sublevels driven by either a transverse external magnetic field (B x or B y components) or by the hyperfine field of a nearby nuclear spin. The total perturbation is
Within each m s subspace, the first-order Hamiltonian P ms H 0 +H ms 1 can be found by using second order perturbation theory:
where1 is the identity operator, P ms is the projector into the subspace with electron spin projection m s along theẑ axis, and E ms = ∆m N V . Using this formalism, we obtain three effective nuclear spin Hamiltonians corresponding to the three m s electron spin manifolds.
The first-order correction to the secular Hamiltonian can play an important role under certain circumstances. In particular, when virtual transitions between m s states are driven by a transverse external field and the hyperfine interaction, the nuclear spin feels an effective field from the electron spin which depends on the external magnetic field. This effective field is larger than the applied magnetic field by a factor of order ξ j = |A j |/∆ × |µ e /µ n |. While |A j |/∆ 1, |µ e /µ n | 1, and the effect can be strong.
We can characterize this enhancement of the applied magnetic field by defining an effective g-tensor for nuclear spin j. For each m s manifold, the {µ, ν} component of this g-tensor can be found from the perturbative form of the Hamiltionian
This calculation gives us the bare g-tensor plus a correction:
The effective g-tensor immediately gives us the enhanced 13 C Larmor precession frequency ω j,0 = |µ n B · g j (0)|, which we identify as the envelope frequency we observe in spin-echo modulation. This envelope frequency depends on both the magnitude and the orientation of the applied magnetic field B, and different orientations of the applied magnetic field are enhanced by different components of the effective g-tensor. By fitting the observed envelope frequencies under varying magnetic field orientations, we can thus extract five of the six components of the hyperfine interaction tensor α (j) . To measure the remaining term, α (j) zz , we must consider the second effect of the hyperfine interaction: each nuclear spin j experiences a dipole field from the electron spin regardless of the applied magnetic field. To calculate this dipole field, we could use the terms in the perturbative Hamiltonian which do not depend on external magnetic field. However, since the µ e /µ n enhancement does not occur here, it remains a valid approximation to use the bare dipole field:
For each m s value, we can now compute the effective magnetic field B j eff experienced by nuclear spin j:
In particular, this formula furnishes the effective magnetic fields B 
1 required to calculate the spin echo signal given in Equation (2) of the main text. We may also calculate the modulation frequency (|µ n B (j) 1 / |) and find the remaining unknown term α zz of the interaction tensor.
The theoretical fits to the envelope and modulation frequencies shown in Fig. 4 (B,C,D) are calculated from the following hyperfine interaction tensors. For NV E our fits are derived from (in MHz):
This hyperfine tensor implies a contact term
which contributes significantly to the overall interaction strength A E = Tr[(α (E) ) 2 ]/3 ≈ 8.5 MHz. For NV D, our fits are calculated from (in MHz)
Of this, contact provides
Taking the above values for the hyperfine interaction tensor furnishes excellent fits to our data, indicating that our model can explain the phenomena we observe. However, the six parameters which characterize the hyperfine interaction tensor are highly covariant, and our data is insufficient to fully constrain all of them, i.e. good fits to our data can be obtained in a few distinct regions of parameter space. To obtain better constraints on the hyperfine interaction, a more detailed experimental study of the dependence of the envelope and modulation frequencies on magnetic field orientation is necessary. With angular dependence in three dimensions, this technique should allow accurate determination of the full hyperfine interaction between the single NV center and a proximal 13 C spin. Despite these considerations, our data does allow us to draw qualitative conclusions regarding the contributions of dipolar and contact terms to the hyperfine interaction. Pure point-dipole interactions between the electron and nuclear spin cannot account for our observations: assuming that the proximal 13 C spin must lie at least two lattice sites from the electron spin, the point-dipole model underestimates the observed interaction strength by a factor of ∼4. Conversely, the anisotropy in our data taken with the magnetic field in thex −ẑ vsŷ −ẑ planes cannot be explained by purely isotropic contact interactions. The two components must therefore both contribute to the total hyperfine interaction.
Monte Carlo simulations of collapses and revivals Using the theory developed above, we ran Monte Carlo simulations of the spin-echo experiment. Approximately 1000 13 C spins were placed randomly in a lattice around the NV center with an appropriate volume to give a 1.1% concentration of 13 C . For each spin, the effective magnetic fields B j eff (m s ) were calculated from the effective g-tensor and hyperfine field, assuming that an electron spin corresponds to a point dipole located on the vacancy. For each spin, the effective magnetic fields B j eff (m s ) were used to calculate the spin-echo signal S j , as given by Equation (2) of the main text . The total spin-echo signal is then S = j S j , from which the expected probability to be in the m s = 0 state p = (1 + S)/2 may be found.
Each random set of 13 C spin locations was considered as a single "center"; accordingly, no disorder averaging was performed. However, a population of such centers could then be compared to the experimental data. Such simulations yield good qualitative agreement with experimental data. However, the point dipole moment approximation underestimates the collapse rate by about 20-40%. This is consistent with the picture we obtain from analysis of coherent coupling to individual 13 C spins (e.g. NV B and D) which indicates that the finite extent of the electron wavefunction plays an important role even for fairly remote nuclear spins.
